I. Introduction

A promising configuration for fusion plasma confinement is a tandem mirror in which mirror
To reduce energy loss in the core plasma due to neutral atom penetration, tandem mirrors incor porate an annular, warm plasma layer called a halo plasma. The halo plasma is not axially confined by the electrostatic potentials of the anchors and is lost to the end walls on an MHD flow timescale.
Whereas the density of the escaping core plasma near the end walls is very low due to the good axial confinement, the density of the escaping halo plasma near the end walls is of the order of the halo plasma density in the midplane of the device.
Although tandem mirror systems can be economically feasible fusion devices, considerable economic advantage and reduced radial diffusion can be achieved if the anchors are also axisymmetric mirror cells, provided overall stability of the plasma is maintained. The flute mode with azimuthal mode number m=l is the most difficult to stabilize, because it is only weakly influenced by finite larmor
radius (FLR) effects that tend to stabilize the higher m modes [3] .
Several methods have been proposed to stabilize the m=\ flute mode in axisymmetric mirror sys tems by modifying the admittance of the sheaths that connect the confined plasma to the end walls. One is to increase the admittance of the sheath, thus "line-tying" the plasma to the end wall. However, the sheath provides thermal insulation for the hot core plasma by reducing electron heat conduction to the end wall, and this insulation is degraded severely if the admittance is increased over the entire cross
section of the core to achieve stability [4] . Experimentally, stability has been achieved in a low tem perature plasma by increasing the admittance using a thermionically emitting endplate [5, 6] . Experi ments have also been performed using a ring-shaped, emitting endplate that is in contact with only the periphery of the plasma [7] [8] [9] [10] [11] [12] [13] [14] . For this device, the escaping core plasma density near the end plates was of the order of the confined density in the midplane of the device, yielding a high sheath admittance and good coupling of the feedback system to the plasma. Axial feedback stabilization of a hot, mirror confined core plasma has been studied theoretically [15, 16] . For such a plasma, the escaping core plasma density is very low, such that the sheath admittance is low and good coupling of the feed back voltages directly to the core plasma is difficult to achieve. Voltages have been applied to seg mented end plates in tandem mirror devices to successfully control nonambipolar radial transport [17, 18] 
Single Layer Dispersion Relation and Circuit Representation
We consider a plasma in the slab geometry shown in Fig. 1 . The direction of the uniform mag netic field is taken to be the z-direction and BQ = (0,03 o)-The x-axis is taken in the direction of the density gradient with the positive direction outward firom the plasma, so that the pressure is Po = Po(r)« The effects of the curvature of the magnetic field-line are represented by the effective gravity g = vth/Rc, where Rc = l£IRp is the radius of curvature of the field-line, Rp is the radius of the plasma, and lB is the mirror scale length.
2J. The Dispersion Relation
We use the two fluid equations and the Poisson's equation as follows:
<(> is the perturbed potential, and the subscript s represents the species s. The feedback source terms Ss are given by [15, 19] 
where, lj is the half length of the confined plasma, and ye(go) is the admittance per unit area of the [3, [20] [21] u2+u*(j +'ylfHD =0 (19) where yfiwD =glRp is the ideal MHD plasma growth rate. We note that the m =1 mode is not rigid for a diffuse boundary plasma, and the FLR term CO* CO is present even for m = 1 due to the finite pressure gradients in the system [3, 21] .
Circuit Representation
We now identify the corresponding circuit representations of the plasma by calculating the total external current to the dielectric medium; dp J% =-Jv.Jdv =f-£dv
where Ap is the area of the plasma cross section , (20) 
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The physical meaning of each of these elements is explained in Vandegrift [16] . Briefly, C0 is the Figure 2 shows the three layer model for the mirror confined plasma that we consider here.
Feedback Model and Modified Dispersion Relation
Regions I-IV represent the core plasma, the transition plasma, the external halo plasma, and the sur rounding vacuum region, respectively. The transition plasma (region II) couples the core plasma (region I) to the halo plasma (region III), on which the feedback signal is applied axially through seg
mented annular feedback plates located at the end of the machine. (48) for the system stability. The condition (48) for stability does not seriously restrict the choice of i\(s). 
Flute Mode in Radially Layered
It can also be shown that the other mismatches of the parameters in T[(s) do not yield any serious res trictions in designing T[(s). For example, a mismatch in Y = Yt>Yh or Y^requires the feedback gain to be G > 1 + IAY/YI. Thus, the feedback realization (42) gives quite robust stability for G > 1.
In the next section, we examine the behaviorof the roots of the dispersion-relation (41) which are obtained by setting the numerator to zero:
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The Results of Feedback
We apply the results of the previous section to parameters and geometry characteristic of the TMX-U, the MFTF-B and the MMX experiments. The typical parameters and corresponding values of the circuit elements are given in Table 1 and Table 2 , respectively.
Solution of the Dispersion Relation with Feedback
We assume that the density is constant with radius except in the transition region where it decreases with a constant slope. (Thus (0* exists only in the transition region.) For the line-tying admittance, we use the Kunkel and Guillory model [19] for Y^i.e., e 4 Qjgf
where \De is the electron Debye length, and vt/a is the ion thermal velocity. Particle simulation results for the sheath characteristic show that this linear model for the sheath impedance gives a good descrip tion of the coupling of the halo plasma to the feedback plate, provided the voltage across the sheath is less than approximately 40% of the thermal plasma potential [22] . By putting the numerical values for the circuit elements into (49), and solving for the roots of the polynomial with G as a parameter, we obtain Figs. 6-8, the root loci of (49) for MMX, TMX-U, and MFTF-B, respectively. Note Re(y) < 0 (roots in the left half plane) for stability. We choose the MMX experiment (Fig. 6 ) to describe the behavior of the roots. Without feedback, G = 0, we have three roots; root 1 at (-5.74 x 105, 1.98
x 105), root 2 at (6.04 x 104, 4.38 x 103), root 3 at (-4.00 x 105, 2.90 x 104). Root 2 is the flute unstable root that must be stabilized by feedback. Root 3 is the stable conjugate root of 2. The stable root 1arises from the RheCeff time constant ofthe system, which can easily be seen firom the high fre quency limit of (49). It is clear that for G £ 1.0, the flute mode is stabilized. Similar behavior is seen for TMX-U and MFTF-B.
Two interesting limiting cases are At -* 0, G -» 0 i.e., the "surface line-tying" model [7] [8] [9] [10] [11] [12] [13] , In the other limiting case ofRt -> R^» Rp, we obtain jJ^KttiZ+«*K*K+"p)*2 =o; (52) i.e., Kt + Kp = 0 , which is physically equivalent to the case of a core plasma surrounded by an infinite external plasma. For Kr =.ic^= 1, we have a system consisting of a core plasma only.
Feedback Power Requirement
We now consider the feedback power necessary to stabilize the m = 1 flute mode. The level of this required power will clearly determine the viability of this stabilization scheme. There will always be some wideband plasma noise in which the coherent flute mode will be embedded in any machine.
The sensors will detect both the noise and the coherent fluctuation, and the feedback signal will be composed of processed versions of these. The required feedback power will therefore be proportional to the noise power in the plasma.
We use circuit simulation codes; e.g., SPICE, to determine the required feedback power for the circuit of Fig. 5a , which is schematically redrawn in Fig. 9 with the circuit elements explicitly shown.
We first choose a thermal noise source en associated with the cross field core resistance Rcore and later we rescale the results to account for a more realistic, nonthermal flucttiation level. For 
where //&(C0) is the complex conjugate of the current flowing at the output port of the feedback system.
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